Nitric oxide produced in endothelial cells affects vascular tone. To investigate the role of endothelial nitric oxide synthase (eNOS) in blood pressure regulation, we have generated mice heterozygous (؉͞؊) or homozygous (؊͞؊) for disruption of the eNOS gene. Immunohistochemical staining with anti-eNOS antibodies showed reduced amounts of eNOS protein in ؉͞؊ mice and absence of eNOS protein in ؊͞؊ mutant mice. Male or female mice of all three eNOS genotypes were indistinguishable in general appearance and histology, except that ؊͞؊ mice had lower body weights than ؉͞؉ or ؉͞؊ mice. Blood pressures tended to be increased (by approximately 4 mmHg) in ؉͞؊ mice compared with ؉͞؉, while ؊͞؊ mice had a significant increase in pressure compared with ؉͞؉ mice (Ϸ18 mmHg) or ؉͞؊ mice (Ϸ14 mmHg). Plasma renin concentration in the ؊͞؊ mice was nearly twice that of ؉͞؉ mice, although kidney renin mRNA was modestly decreased in the ؊͞؊ mice. Heart rates in the ؊͞؊ mice were significantly lower than in ؉͞؊ or ؉͞؉ mice. Appropriate genetic controls show that these phenotypes in F 2 mice are due to the eNOS mutation and are not due to sequences that might differ between the two parental strains (129 and C57BL͞6J) and are linked either to the eNOS locus or to an unlinked chromosomal region containing the renin locus. Thus eNOS is essential for maintenance of normal blood pressures and heart rates. Comparisons between the current eNOS mutant mice and previously generated inducible nitric oxide synthase mutants showed that homozygous mutants for the latter differ in having unaltered blood pressures and heart rates; both are susceptible to lipopolysaccharide-induced death.
eNOS genotypes were indistinguishable in general appearance and histology, except that ؊͞؊ mice had lower body weights than ؉͞؉ or ؉͞؊ mice. Blood pressures tended to be increased (by approximately 4 mmHg) in ؉͞؊ mice compared with ؉͞؉, while ؊͞؊ mice had a significant increase in pressure compared with ؉͞؉ mice (Ϸ18 mmHg) or ؉͞؊ mice (Ϸ14 mmHg). Plasma renin concentration in the ؊͞؊ mice was nearly twice that of ؉͞؉ mice, although kidney renin mRNA was modestly decreased in the ؊͞؊ mice. Heart rates in the ؊͞؊ mice were significantly lower than in ؉͞؊ or ؉͞؉ mice. Appropriate genetic controls show that these phenotypes in F 2 mice are due to the eNOS mutation and are not due to sequences that might differ between the two parental strains (129 and C57BL͞6J) and are linked either to the eNOS locus or to an unlinked chromosomal region containing the renin locus. Thus eNOS is essential for maintenance of normal blood pressures and heart rates. Comparisons between the current eNOS mutant mice and previously generated inducible nitric oxide synthase mutants showed that homozygous mutants for the latter differ in having unaltered blood pressures and heart rates; both are susceptible to lipopolysaccharide-induced death.
Nitric oxide (NO) is produced from arginine and oxygen in a variety of mammalian cell types by three distinct nitric oxide synthase (NOS) isozymes: two constitutively transcribed forms, neuronal (designated nNOS below) (1, 2) and endothelial (designated eNOS below) (3) (4) (5) enzymes, and an inducible form (designated iNOS below) found in a number of cell types, including macrophages and vascular smooth muscle cells (6) (7) (8) (9) . NO produced in endothelial cells is a vasodilator and antithrombogenic agent (10, 11) . In response to agents such as bradykinin and acetylcholine or to mechanical forces such as shear stress, endothelial cells produce NO, which diffuses into vascular smooth muscle cells and causes vasorelaxation. Arginine analogs, such as N G -monomethyl-L-arginine and L-nitroarginine, are competitive inhibitors of NOS enzymes. Administration of these compounds to animals (10, (12) (13) (14) (15) or to humans (16, 17) results in elevated blood pressure and increased peripheral resistance. Response to N Gmonomethyl-L-arginine has been reported to be abnormal in hypertensive patients compared with normotensive individuals, with a lowered response being correlated with higher blood pressure (18) . Thus the NOS isozymes and their genes are candidates for involvement in hypertension, although it has not been possible to prove the specific involvement of eNOS because the currently available NOS inhibitors affect all three isozymes. To specifically study the role of NO produced by eNOS in blood pressure regulation, we have generated mice that lack a functional endothelial nitric oxide gene (eNOS). To further characterize the specific influence of endotheliumderived NO, we also compared the eNOS mutant mice to our previously reported iNOS mutant mice (19) .
MATERIALS AND METHODS

Cloning of a Murine eNOS Genomic
Fragment. An approximately 450-bp fragment extending from within exon 12 of the eNOS gene to within exon 13 was amplified from bovine genomic DNA by PCR. The primers had the following sequences based on data from bovine eNOS cDNA sequences, 5Ј-ATGGCCAAGCGAGTGAAAGCAACCAT-3Ј and 5Ј-GCATTCCCAAAGGTGCTGGTCACCAC-3Ј (20) . The resulting PCR fragment hybridized to a 4.7-kb band in Southern blots of XbaI-digested murine strain 129͞Ola (129) genomic DNA. When the PCR fragment was used as a probe to screen a bacteriophage Charon 35 library having inserts from an XbaI digestion of murine strain 129 genomic DNA, a clone containing a 4.7-kb XbaI fragment was obtained. DNA sequence analysis of a portion of this fragment showed an 89% nucleotide sequence identity to human eNOS exon sequences with an identical placement of intron 12 (21), compared with 60% sequence identity to rat neuronal NOS cDNA (the closest isoform to eNOS) (2) (data not shown).
Targeting Construct. An eNOS targeting construct, pENOSX (Fig. 1A) , was prepared from the 4.7-kb XbaI fragment by the replacement of 129 bp in exon 12 with 1.2 kb of sequences that include the neomycin-resistance gene (neo) from pMC1Neo polA (22) oriented oppositely to the eNOS gene. This replacement disrupts the calmodulin binding site essential to eNOS function and introduces a premature translation stop codon into the eNOS transcripts. The vector plasmid was the herpes simplex virus thymidine kinase-containing plasmid pPNT (23) modified by deletion of its neo gene.
Embryonic Stem (ES) Cell Growth and Transformation. Murine ES cells from subclone BK4 of line E14TG2a (24) were cultured as described (25) . Electroporation of Ϸ3 ϫ 10 7 cells in 0.5 ml of growth medium was carried out with NotIlinearized pENOSX at a concentration of 2 nM using a 1-sec discharge from a 250-F capacitor charged to 300 V. The cells were then cultured on murine embryonic fibroblast feeder cells
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in 10-cm-diameter tissue culture dishes. The following day, the medium was replaced with medium containing G418 at 200 g͞ml and ganciclovir at 2 g͞ml. Clones resistant to both drugs were individually dispersed into 1.5-cm-diameter tissue culture wells with feeder cells. On reaching confluence they were dispersed to larger plates with feeder cells for further growth, as well as to 3.5-cm wells without feeder cells for use in preparing genomic DNA. Southern blot analysis of ES cell genomic DNA with various restriction enzymes and probes was used to confirm the targeting event.
Generation of eNOS-Deficient Mice. Chimeras were generated from ES cells carrying the disrupted eNOS gene by injection into C57BL͞6J (B6) blastocysts followed by transfer to pseudopregnant CD1 females for completion of development. Male chimeras mated to B6 females generated B6͞129 F 1 hybrids that were either wild-type (ϩ͞ϩ) or heterozygous (ϩ͞Ϫ) for the disrupted eNOS gene. F 1 ϩ͞Ϫ mice were intercrossed to generate F 2 offspring of all three genotypes, ϩ͞ϩ, ϩ͞Ϫ, and Ϫ͞Ϫ; these F 2 mice were used for the experiments described herein. Determination of mouse genotypes was by Southern blot analysis of genomic tail DNA using probe A (see Fig. 1 ); probe A is a genomic DNA RsaI fragment from the 5Ј end of the cloned XbaI eNOS gene fragment.
Immunohistochemical Localization of eNOS. Hearts and kidneys were rapidly removed and embedded in OCT compound (Miles) for preparing 7-m frozen sections. Sections were fixed with acetone (Ϫ20ЊC at start) for 10 min at 4ЊC, washed twice with phosphate-buffered saline containing 0.1 g of bovine serum albumin per 100 ml (PBS͞0.1% BSA) at room temperature. Sections were then incubated with 0.3% hydrogen peroxide in methanol for 30 min at room temp to block endogenous peroxidase activity and washed again with PBS͞ 0.1% BSA. Nonspecific antibody binding was blocked by incubation for 4-5 h with PBS͞4% BSA. Sections were then washed twice with PBS͞0.1% BSA and incubated 14-16 h with a 1:1000 dilution of an eNOS-specific polyclonal antiserum (Transduction Laboratories, Lexington, KY). Sections were washed and developed with the Vectastain ABC system (Vector Laboratories) using diaminobenzidine tetrahydrochloride. Sections were counterstained with hematoxylin, mounted in Permamount, and examined by light microscopy.
Histological Analysis. Tissue samples were collected immediately after euthanization and were fixed in 10% neutralbuffered formalin. Sections were stained with hematoxylin͞ eosin.
Blood Pressure and Heart Rate Determination. Tail-cuff blood pressures and heart rates were determined in mice aged between 90 and 110 days in ''blinded'' fashion using a computerized tail-cuff system (Visitech Systems, Cary, NC) as described (26) .
Plasma Renin Concentration and Kidney Renin mRNA Concentration. Arterial blood samples were rapidly withdrawn from eNOS Ϫ͞Ϫ and age matched ϩ͞ϩ sibs under CO 2 anesthesia (less than 1 min from loss of consciousness to the end of collection) using noncoated glass pipettes into ice-cold microcentrifuge tubes containing EDTA and immediately centrifuged to isolate plasma. Plasma renin concentrations were determined by a radioimmunoassay for angiotensin I as described (27) .
Kidney tissues were dissected from mice after withdrawing the blood samples. Total RNA was isolated as described (28) . RNase protection assays were as described by Azrolan and Breslow (29) with the RNA probe being a 290-bp murine renin exon 9 fragment (30) .
Lipopolysaccharide (LPS) Treatment. Mice were injected i.p. with bacterial LPS (Escherichia coli, serotype 026:B6, Difco) at 12.5 mg͞kg and monitored over a 96-h period.
Statistical Analysis. Data are presented as mean Ϯ SEM. Genotype frequencies were tested for deviation from Mendelian expectations by 2 tests. For comparisons, we used one or two factor analysis of variance with pairwise comparisons by Tukey's test.
RESULTS
Disruption of the Murine eNOS Gene by Gene Targeting.
The gene targeting strategy used to disrupt the eNOS gene (insertion of the neo gene accompanied by a partial gene deletion) results in disruption of the calmodulin-binding site and the introduction of a premature translational stop site ( Fig. 1 ). This deletion͞disruption of the calmodulin-binding site was expected to inactivate eNOS, since calmodulin binding is required for electron transfer to the active site of the enzyme. The linearized targeting construct (pENOSX) was electroporated into murine ES cells and clones resistant to both G418 and ganciclovir were obtained. Targeted cells were identified by Southern blot analysis of genomic DNA from the doubly resistant clones using various enzyme digests and probes (data not shown). In a total of 87 doubly resistant clones screened, 18 were correctly targeted.
Generation of eNOS-Deficient Mice. Targeted ES cells were injected into B6 blastocysts which were transferred into pseudopregnant CD1 mice for implantation and development. Resulting male chimeras were bred to B6 females to generate F 1 129͞B6 offspring. F 1 mice heterozygous for the disrupted eNOS gene were intercrossed to generate F 2 offspring that were genotyped by Southern blot analysis of tail genomic DNA digested with BamHI and hybridized to probe A (Fig. 1) . The wild-type allele gives a 5.3-kb band under these conditions, while the targeted allele yields a 6.4-kb band (Fig. 1D) . Analysis of 288 F 2 mice revealed that 67 (23%) were wild-type (ϩ͞ϩ), 169 (59%) were heterozygous (ϩ͞Ϫ), and 52 (18%) were homozygous mutant (Ϫ͞Ϫ). The overall distribution deviates somewhat from a 1:2:1 Mendelian distribution (P Ͻ 0.01) with the major deviation being due to a deficiency in homozygous mutants.
Absence of eNOS Protein in ؊͞؊ Mice. Immunohistochemical tests for eNOS protein, using polyclonal eNOS-specific antibodies were performed on frozen sections of heart and kidney prepared from mice of each eNOS genotype. Sections from ϩ͞ϩ mice show staining in most cardiac capillary 
Histological examination of heart, liver, lung, aorta, kidney, brain, spleen, and adrenal glands from Ϫ͞Ϫ and ϩ͞Ϫ F 2 mice showed no obvious differences from wild-type F 2 mice. The heart weight to body weight ratios of the Ϫ͞Ϫ and ϩ͞ϩ mice were not significantly different.
Analysis of Blood Pressure in Wild-Type and Mutant Mice. To evaluate the role of eNOS in blood pressure regulation, we determined the tail-cuff blood pressure for F 2 mice of all three eNOS genotypes and both sexes (Fig. 3A) . The effect of eNOS genotype was highly significant (P Ͻ 10 Ϫ8 ) while the effect of gender (P ϭ 0.84) and the interaction of gender and genotype (P ϭ 0.73) were not. Blood pressures of ϩ͞Ϫ mice (125.
Ϫ4 ). Analysis of Heart Rate in Wild-Type and Mutant Mice. We also evaluated the heart rates of F 2 mice of all three eNOS genotypes and both sexes (Fig. 3B) . The effect of eNOS genotype was significant (P Ͻ 1 ϫ 10 Ϫ4 ) while the effect of gender (P ϭ 0.30) and the interaction of genotype and gender (P ϭ 0.57) were not. The Ϫ͞Ϫ mice have a significantly reduced heart rate (670 Ϯ 11 beats per min) compared with either the ϩ͞ϩ (709 Ϯ 5 beats per min; P Ͻ 0.001) or ϩ͞Ϫ mice (713 Ϯ 5; P Ͻ 0.001).
Controls for Linked and Unlinked Genes. In experiments involving F 2 mice, it is important to note that observed phenotypic differences may arise (i) from the genotype at the target locus, (ii) from inheritance of sequences linked to the target gene that differ between B6 and 129 and affect the phenotype under investigation, and (iii) from segregation of unlinked sequences that is by chance biased in some direction which affects the phenotype.
All our F 2 mice derive their disrupted eNOS genes together with linked sequences from strain 129 and their wild-type eNOS genes and linked sequences from strain B6. Thus the possibility exists that gene(s) linked to eNOS and differing in strains 129 and B6 could contribute to the observed phenotypic differences among the Ϫ͞Ϫ, ϩ͞Ϫ, and ϩ͞ϩ mice. To test for effects of sequences linked to the eNOS gene, we compared the phenotypes of 109 control F 2 mice inheriting two B6 (B6͞B6), one B6 and one 129 (B6͞129), or two 129 (129͞129) wild-type eNOS alleles. The control F 2 mice used for this purpose were either wild-type or had mutations in the unlinked gene coding for angiotensin-converting enzyme that do not significantly affect blood pressure. The control mice were genotyped for the source of their eNOS alleles by Southern blots hybridized to probe A using DNA digested with DraI; this generates an 8-kb band from the B6-derived eNOS gene and a 14-kb band from 129-derived eNOS gene.
Tail-cuff blood pressure measurements showed no blood pressure differences between the control F 2 mice having their wild-type eNOS genes derived from B6͞B6 (118.1 Ϯ 1.9 mmHg, n ϭ 31), B6͞129 (117.1 Ϯ 1.6 mmHg, n ϭ 51), or 129͞129 (118.0 Ϯ 1.9 mmHg, n ϭ 27); P ϭ 0.96 for B6͞B6 versus 129͞129. Similar absences of effects of any linked genes were obtained in comparisons of heart rates and body weights in these controls (data not shown). Since in each case there are no phenotypic differences between the control F 2 mice that have B6 and͞or 129 wild-type eNOS genes, we conclude that the observed phenotypic differences between the experimental eNOS Ϫ͞Ϫ and ϩ͞ϩ mice are due to the disrupted eNOS gene itself and not to any differences between linked genes in the two strains.
Segregation of important unlinked sequences that by chance is biased may also influence the results of experiments involving F 2 mice, although in general the probability of this occurring is reduced by studying increasing numbers of animals. In our experiments, for example, the renin genes of strains B6 and 129 differ (Ren-1 c for B6; Ren-1 d and Ren-2 for 129). We genotyped 81 of our F 2 mice for this known polymorphism between the two strains. The results showed that within each eNOS genotype (ϩ͞ϩ, ϩ͞Ϫ, Ϫ͞Ϫ) all three renin genotypes were represented at frequencies not differing significantly from Mendelian expectations. This demonstrates that the number of mice examined was sufficient for achieving an unbiased segregation of this particular unlinked gene.
Analysis of Renin in Wild-Type and Mutant Mice. Total RNA was prepared from the kidneys of F 2 ϩ͞ϩ and Ϫ͞Ϫ mice and the amount of renin mRNA was determined by an RNase protection assay (Fig. 4A) . The effect of genotype (P ϭ 0.07) trended toward significance, while gender was significant (P ϭ 0.003), but there was no interaction of genotype and gender (P ϭ 0.87). Renin mRNA was slightly reduced in the Ϫ͞Ϫ mice (females 18.5 Ϯ 1.4 pg͞g, n ϭ 4; males 14.2 Ϯ 0.8 pg͞g, n ϭ 4) compared with ϩ͞ϩ mice (females 20.6 Ϯ 1.5 pg͞g, n ϭ 5; males 16.7 Ϯ 0.5 pg͞g, n ϭ 5). Expressed as a percentage of the mean of like-sexed ϩ͞ϩ (100 Ϯ 3.8%) mice, the renin mRNA levels in the combined male and female Ϫ͞Ϫ animals was 87.5 Ϯ 3.9% (P ϭ 0.04).
In contrast, as shown in Fig. 4B , plasma renin concentrations in the same mice, determined as the rate of angiotensin I production in the presence of excess angiotensinogen, were nearly twice as high in the Ϫ͞Ϫ mice (females 49.9 Ϯ 7.7 ng per ml per hr and males 57.8 Ϯ 11.1 ng per ml per hr) as in the ϩ͞ϩ mice (females 25.7 Ϯ 2.0 ng per ml per hr and males 30.8 Ϯ 2.7 ng per ml per hr). The effect of eNOS genotype was statistically significant (P ϭ 0.001) while the effect of gender (P ϭ 0.31) and the interaction of genotype and gender (P ϭ 0.82) were not significant. Examination of the renin genotypes of the 18 F 2 animals used for the renin measurements showed that differences in the renin concentrations in the individual eNOS ϩ͞ϩ and Ϫ͞Ϫ mice could not be explained by their renin genotypes.
Comparisons Between iNOS and eNOS Mutant Mice. We have reported (19) the phenotype of mice lacking a functional iNOS gene.
To determine whether this isoform of NOS also affects blood pressure, we measured the tail-cuff blood pressures of the iNOS mutants. Overall, the effect of iNOS genotype was not significant (P ϭ 0.8). There were no significant differences between Ϫ͞Ϫ (113.8 Ϯ 2.5 mmHg, n ϭ 12), ϩ͞Ϫ (115.0 Ϯ 2.6 mmHg, n ϭ 12), or ϩ͞ϩ (116.3 Ϯ 2.9 mmHg, n ϭ 11), with P Ͼ 0.75 for all pairwise comparisons. We also established that any strain differences in loci linked to iNOS did not affect blood pressure (P ϭ 0.12) using the same 109 F 2 control mice described above. Thus absence of iNOS (unlike absence of Proc. Natl. Acad. Sci. USA 93 (1996) 13179 eNOS) leads to no differences in blood pressure. Similarly, no statistically significant differences in the heart rates of the iNOS mutants were observed. A further comparison was made between the eNOS and iNOS mutants because our data (19) had shown unexpectedly that iNOS Ϫ͞Ϫ mice die from injected LPS at the same frequency as iNOS ϩ͞ϩ mice. This raised the possibility that eNOS rather than iNOS is important in septic shock. To test this possibility, we injected mice of each eNOS genotype with LPS at 12.5 mg͞kg i.p. (a dose shown to produce about 75% deaths in our previous work) and monitored them over a 96-h period. The results with the different eNOS genotypes are essentially identical as shown in Fig. 5 . Eighty percent of ϩ͞ϩ (8 of 10), 70% of ϩ͞Ϫ (7 of 10), and 80% of Ϫ͞Ϫ (8 of 10) mice died by 96 h. Thus absence of eNOS (like absence of iNOS) activity does not protect mice from death following LPS administration.
DISCUSSION
We have inactivated the murine eNOS gene by homologous recombination in ES cells and have generated mice of the three eNOS genotypes (ϩ͞ϩ, ϩ͞Ϫ, and Ϫ͞Ϫ). The homozygous mutants completely lack eNOS and are grossly and histologically normal, although they have significantly lower body weights. We do not at present have any additional information relevant to this difference in body weights.
Our main aim in generating the eNOS Ϫ͞Ϫ mice was to investigate the effects of the endothelial enzyme on blood pressure. We expected that mice lacking endothelium-derived NO would have elevated blood pressures. This expectation was confirmed by tail-cuff blood pressure measurements that demonstrate that conscious F 2 Ϫ͞Ϫ mice of either sex have significantly elevated pressures (about 18 mmHg above their wild-type sibs and 14 mmHg above their ϩ͞Ϫ sibs). These results are in agreement with the recent report of blood pressure measurements made using intraarterial catheterization on eNOS Ϫ͞Ϫ and ϩ͞ϩ F 2 129͞B6 mice generated independently by Huang et al. (31) . Our heterozygotes for the eNOS disruption showed a tendency toward increase in blood pressure over wild type, but the difference did not reach statistical significance. This suggests that sufficient eNOS is produced from a single copy of the eNOS gene to maintain near normal pressures or that other systems involved in blood pressure regulation compensate almost completely for the partial lack of eNOS. Whether or not the heterozygotes would show a significant difference from wild type in other environmental or genetic backgrounds remains to be determined.
In addition to the increases in blood pressure, we observed a statistically significant reduction in the heart rates of the eNOS Ϫ͞Ϫ mice compared with either ϩ͞ϩ or ϩ͞Ϫ mice. This is in contrast to the report by Huang et al. (31) that the heart rates of their eNOS mutant mice and wild-type mice did not differ. The difference between these two observations may be that our heart rate measurements were made on conscious mice, while Huang et al. (31) used urethane-anesthetized mice. Reduced heart rates in conscious rats (32) , dogs (33) , and humans (34) administered a NOS inhibitor have been reported, with the authors concluding that the most likely cause was baroreceptor reflex mechanisms responding to elevated blood pressure. Interestingly, while our Ϫ͞Ϫ mice have elevated blood pressures and reduced heart rates, their hearts appear normal histologically and their heart͞body weight ratios do not differ from those of ϩ͞ϩ mice.
An important element in our present study is the effective elimination of potential complications introduced by the use of F 2 hybrids between the two different mouse strains (129 and B6) in the eNOS experiments. Because the phenotypes studied are all quantitative in nature, it is essential to establish that they are due to the disrupted eNOS genes and not to inadvertent effects of other linked or unlinked gene differences between the strains. To evaluate whether the phenotypes in our F 2 mice are the result of genes linked to the eNOS locus, we determined the phenotypes of control F 2 mice having wild-type eNOS genes derived from 129 and͞or B6 and found that body weights, blood pressures, and heart rates were not affected by the source of the wild-type eNOS genes and of genes linked to the eNOS locus. Thus, we conclude that the phenotypic alterations seen in blood pressure, heart rate, and body weight in Ϫ͞Ϫ mice are caused by the disruption of the eNOS gene itself.
The possibility of a chance bias in the segregation of genes unlinked to the eNOS locus influencing results can be reduced in the general case by ensuring the use of sufficient numbers of F 2 animals to achieve random segregation of any relevant genes. In specific cases, tests can be made to determine whether strain differences in any unlinked genes of particular concern have been inherited in an unbiased fashion. Our observations on the segregation of the B6͞129 strain differences at the renin locus illustrate both points: all three renin genotypes were represented among the mice of the three eNOS genotypes in proportions that did not differ from Mendelian expectations, and renin genotypes could not explain the differences in renin concentrations of 18 mice tested.
There are at least two potential mechanisms by which absence of eNOS may result in an increase in blood pressure. The most obvious is that the eNOS Ϫ͞Ϫ mice lack the vasorelaxing pathway mediated by endothelium-derived NO on vascular smooth muscle. Our data (Fig. 2) on the absence of eNOS in endothelial walls of the Ϫ͞Ϫ mice supports this possibility. A second possible mechanism, not excluded by the first, is that NO plays a role in the release of renin from the kidney into the bloodstream. Past work on the role of NO in regulating renin release has yielded conflicting conclusions. In vivo and in vitro experiments have led some authors to conclude that NO suppresses renin release (35) (36) (37) , while others have concluded that NO stimulates renin release (38) (39) (40) . None of these experiments was able to fully isolate the function of the individual NOS isotypes. However, our eNOS Ϫ͞Ϫ mice provide the opportunity to address this possibility in mice that lack only the eNOS isoform. As shown in Fig. 4B , we found that the Ϫ͞Ϫ mice have nearly twice the plasma renin concentration of the ϩ͞ϩ mice. This result suggests that at least part of the increased blood pressures in the eNOS Ϫ͞Ϫ mice could be due to their having higher than normal plasma renin concentrations that would be expected to lead to an increased rate of angiotensin II production. The higher than normal plasma renin concentration in the eNOS Ϫ͞Ϫ mice is, however, paradoxical for two reasons. (i) An increased blood pressure, as seen in these mice, would be expected to lead to a homeostatic reduction in renin secretion due to the renal baroreceptor mechanism rather than to an increase. (ii) The high plasma renin concentration is accompanied by a modest decrease in kidney renin mRNA (Fig. 4A) . At present we cannot exclude the possibility that an acute release of stored renin is induced during the blood drawing, but this response would have to be markedly enhanced in the Ϫ͞Ϫ mice. Clearly further investigation of the role of eNOS in renin production and release is warranted.
Several explanations are possible for the reduction in heart rate that is seen in the eNOS Ϫ͞Ϫ mice. One possibility is that the baroreceptor reflex is (indirectly) reset as a consequence of the chronic increase in blood pressure in these mice. Against this explanation is the observation that mice lacking atrial natriuretic peptide have approximately equal increases in their blood pressures but do not have heart rates statistically different from control mice (41) . A second possibility is that NO produced by eNOS could play a direct role in the modulation of heart rates. However, at the present we are unable to specify the exact cause of the reduced heart rate in eNOS Ϫ͞Ϫ mice.
NO has been thought to play an important role in the occurrence of death during septic shock (42) (43) (44) . Because we have observed (19) that mice lacking the iNOS isoform are not protected from LPS-induced death, we tested whether lack of the eNOS isoform might be protective. We found that mice lacking eNOS died at the same frequency as wild-type animals, and we conclude that neither the production of NO by eNOS nor by iNOS is essential for death in this model of septic shock. Additionally, while our current data clearly demonstrate effects of eNOS mutations on blood pressure, we did not find any effect of iNOS mutations on blood pressure.
In summary, our study shows the eNOS Ϫ͞Ϫ mice have three differences from wild type: an increased blood pressure, an elevation of plasma renin concentration despite a modest decrease in kidney renin mRNA, and a reduced heart rate. We conclude that eNOS but not iNOS is essential for the maintenance of normal blood pressure.
